that like in higher eukaryotes, the Tsc1-2 complex negatively regulates Tor2. In contrast, the Tsc1-2 complex and Tor1 appear to work in parallel, both positively regulating amino acid uptake through the control of expression of amino acid permeases. Additionally, either Tsc1/2 or Tor1 are required for growth on a poor nitrogen source such as proline.
Abstract
The TOR protein kinases exhibit a conserved role in regulating cellular growth and proliferation. In the fission yeast two TOR homologues are present. tor1 + is required for starvation and stress responses, while tor2 + is essential. We report here that Tor2 depleted cells show a phenotype very similar to that of wild type cells starved for nitrogen, including arrest at the G 1 phase of the cell cycle, induction of nitrogen-starvation specific genes and entrance into the sexual development pathway. The phenotype of tor2 mutants is in a striking contrast to the failure of tor1 mutants to initiate sexual development or arrest in G 1 under nitrogen starvation conditions. Tsc1 and Tsc2, the genes mutated in the human Tuberous Sclerosis Complex syndrome, negatively regulate the mammalian TOR via inactivation of the GTPase Rheb. We analyzed the genetic relationship between the two TOR genes and the S. pombe orthologs of TSC1, TSC2 and Rheb. Our data suggest that like in higher eukaryotes, the Tsc1-2 complex negatively regulates Tor2. In contrast, the Tsc1-2 complex and Tor1 appear to work in parallel, both positively regulating amino acid uptake through the control of expression of amino acid permeases. Additionally, either Tsc1/2 or Tor1 are required for growth on a poor nitrogen source such as proline.
Mutants lacking Tsc1 or Tsc2 are highly sensitive to rapamycin under poor nitrogen conditions, suggesting that the function of Tor1 under such conditions is sensitive to rapamycin. We discuss the complex genetic interactions between tor1 + , tor2 + and tsc1/2 + and the implications for rapamycin sensitivity in tsc1 or tsc2 mutants.
Introduction
TOR proteins, the central protein kinases that control cell growth and proliferation, were first identified in the yeast Saccharomyces cerevisiae as the targets for the immunosuppressive and potential anti-cancerous drug rapamycin (WULLSCHLEGER et al. 2006) . Rapamycin binds the small FKBP12 protein and the resulting protein-drug complex binds and inhibits TOR-dependent activities. Two TOR homologues are present in S.
cerevisiae, TOR1 and TOR2. these are found at the core of two different evolutionary conserved complexes (LOEWITH et al. 2002) . Although a single TOR gene is found in higher eukaryotes, two distinct physical and functional TOR complexes are also present in mammalian and Drosophila cells (JACINTO et al. 2004; KIM et al. 2003; SARBASSOV et al. 2004 ). The mammalian mTORC1 complex regulates cell growth, in part, via phosphorylation of the two translation initiation factors, p70 S6 kinase and 4E-BP1
proteins (HAY and SONENBERG 2004; TEE and BLENIS 2005) . mTORC2 regulates the actin cytoskeleton (JACINTO et al. 2004 ) and the cell growth and survival regulator Akt/PKB (SARBASSOV et al. 2005) .
In accord with the suggestion that TOR regulates cell growth in response to nutrient availability, S. cerevisiae cells lacking both TOR1 and TOR2, exhibit many features characteristics of starved cells (BARBET et al. 1996; BECK and HALL 1999; DI COMO and ARNDT 1996; NODA and OHSUMI 1998; ZARAGOZA et al. 1998) . Similarly, loss of function of the TOR proteins in worms, flies and mice result in phenotypes like those of cells suffering from nutrient deprivation (GANGLOFF et al. 2004; LONG et al. 2002; MURAKAMI et al. 2004; OLDHAM et al. 2000; ZHANG et al. 2000) .
In higher eukaryotes, TOR proteins are negatively regulated by the TSC1-TSC2
heterodimer. Mutations in either TSC1 or TSC2 cause a human syndrome, known as Tuberous Sclerosis Complex (TSC), which is characterized by benign tumors and severe neurological defects. TSC2 encodes a GTPase activating protein (GAP) and together with TSC1 converts the small GTPase Rheb into its GDP-bound inactive form. Rheb binds mTOR and positively regulates its activity (LI et al. 2004; MANNING and CANTLEY 2003) . More recent results demonstrated that TSC1/2 also have positive effects on TOR signaling, suggesting the presence of a negative feedback loop (HARRINGTON et al. 2004; SHAH et al. 2004; UM et al. 2004 ).
The fission yeast, but not the budding yeast, contains homologues for TSC1/2, known as tsc1 + and tsc2 + . S. pombe Tsc1 and Tsc2 proteins also work as a complex (MATSUMOTO et al. 2002) and missense mutations that cause TSC in humans abolish the activity of the S. pombe homologues ( VAN SLEGTENHORST et al. 2004) . Disruption of tsc1 + or tsc2 + leads to amino acid uptake defects, impairs sexual development and affects gene induction upon nitrogen starvation (MATSUMOTO et al. 2002; NAKASE et al. 2006 ; VAN SLEGTENHORST et al. 2004 ). Several findings demonstrate that the Tsc1-2 complex negatively regulates Rhb1, the S. pombe Rheb homologue: rhb1 mutants exhibit a phenotype opposite to that of tsc1/2 (URANO et al. 2005; YANG et al. 2001) and mutations that impair Rhb1 activity can reverse the amino acid uptake defect in tsc1/2 mutants. (NAKASE et al. 2006 ; VAN SLEGTENHORST et al. 2004) . The rhb1 + gene is essential and cells disrupted for rhb1 + arrest at the G 1 phase of the cell cycle with the morphology and physiology of nitrogen-starved cells (MACH et al. 2000; YANG et al. 2001) . The nitrogen-starved phenotype of rhb1 mutants suggests that rhb1 + participates in signaling nitrogen availability.
The S. pombe tor1 + gene is required under starvation and stress conditions.
( KAWAI et al. 2001; WEISMAN and CHODER 2001) . ∆tor1 cells die quickly once they exit the logarithmic phase and do not initiate sexual development in response to starvation conditions. ∆tor1 cells are also highly sensitive to osmotic and oxidative stress. Given the conserved role of TOR proteins in regulating growth, the finding that Tor1 is required mainly under starvation, when little growth is required, is surprising. However, Tor1 exerts its functions in stress and starvation via phosphorylation of the S. pombe p70 S6 kinase homologue, gad8 + (MATSUO et al. 2003) . Thus, the substrate and mode of action of Tor1 is highly conserved in evolution. Rapamycin does not inhibit growth, entrance into stationary phase or stress responses in fission yeast (WEISMAN 2004; WEISMAN et al. 1997 ). The only rapamycin-sensitive TOR-dependent function reported to date in S.
pombe is amino acid uptake, which is mediated via a Tor1-dependent function .
In contrast to our detailed knowledge on tor1 + activity, no description of Tor2 loss of function has so far been reported. 
Materials and Methods

Yeast Strains, Media and General Techniques
Yeast strains are described in Table 1 . Growth media was prepared as in (MORENO et al. 1991) . YES is YE supplemented with 75 µg/ml adenine and uracil. EMM (Edinburgh Minimal Medium) is defined medium in which the sole nitrogen source is ammonium chloride (STETTLER et al. 1996) . Minimal medium was supplemented as required. Leucine, histidine, adenine and uracil were supplemented at 75 µg/ml, unless otherwise indicated. For proline (Pro) and glutamic acid (Glu) plates, ammonium chloride in the EMM medium was replaced with 10 -30 mM proline and 20 mM glutamic acid, respectively (YOUNG and FANTES 1987) . EMM-N contains no nitrogen.
Rapamycin was used at a final concentration of 100 ng/ml as described previously (WEISMAN et al. 1997) . Transformation of S. pombe cells was performed by electroporation (PRENTICE 1992) . Assays for mating efficiency were carried out as described (WEISMAN et al. 1997 ).
tor2
+ plasmid constructs
For expression of tor2 + from its own promoter on a multi-copy plasmid, a fragment of 7936 bp was amplified, using Expand long template PCR system (Roche Applied Science). This fragment, containing the tor2 + ORF flanked by 413 and 509 bp, was cloned into the LEU2 based plasmid pIRT2 (BOOHER and BEACH 1986) . For expression under the regulation of the nmt1 promoter, a fragment of 7523 bp containing the tor2 + ORF and 509 bp downstream to it was amplified. This fragment was cloned into LEU1 based pREP1 or pREP81 plasmids (MAUNDRELL 1993) .
Measurement of leucine uptake
Leucine uptake was performed as previously described in ).
Cells were grown to log phase in minimal medium. 0.5 ml of logarithmic cells were harvested and re-suspended in 0.5 ml minimal medium containing 0.01 mM leucine together with Experiments were done in duplicates.
Northern Blot analysis and semi-quantitative RT-PCR
Yeast RNA was extracted from logarithmic growing cells and the isp5 + and adh1 + mRNA were detected as previously described in . 
Fluorescence-activated cell sorter Analysis
Cells were stained with propidium iodide and analyzed by a Becton Dickinson FACSort as described in (SNAITH and FORSBURG 1999) . Data were analyzed by Cell Quest software for Macintosh.
Disruption of S. pombe rhb1
+ A fragment containing 771 bp of the rhb1 + ORF and 118 additional bp upstream of the stop codon was amplified by PCR from genomic DNA with primers P280
(GGAATTCCATATGGCTCCTATTAAATCTCGTAG) and P281
(TTTGTGTGCAAAGTATCACCTC). and subcloned into a pGEM-T vector (Promega) to give pGEMrhb1. A 350 bp ClaI -XhoI fragment of pGEMrhb1 was replaced with the ura4 + gene, resulting in the plasmid pGEMrhb1::ura4+. Primers P280 and P281 were then used to amplify a 2.2 Kb disruption fragment that was transformed into diploid TA007. Disruption was confirmed by PCR and Southern blot analysis.
Results
Cells depleted for Tor2 arrest with a phenotype that highly resembles nitrogen-starved cells.
tor2
+ is an essential gene (WEISMAN and CHODER 2001) . To further study the cellular role of tor2 + , we cloned tor2 + under the regulation of the nmt1 promoter. This promoter is turned off in the presence of thiamine (MAUNDRELL 1993) . Cells carrying disruption of tor2 + at the chromosomal locus and expressing the nmt1-tor2 + construct were grown to mid-log phase, then shifted to repressing conditions and samples were taken for cell number counting and cell morphology examination. As seen in Fig. 1A and B, cells shifted to the repressed conditions arrested after three to four divisions as small, rounded cells, similar to wild type cells starved for nitrogen. Under nitrogen starvation, cells undergo mitosis at a shorter cell length and thus give rise to small cells (FANTES and NURSE 1977; YOUNG and FANTES 1987) . Nitrogen starvation of wild type cells is also characterized by accumulation of cells in the G 1 phase of the cell cycle (FANTES and NURSE 1977; YOUNG and FANTES 1987) . FACS analysis revealed that depletion of Tor2 leads to growth arrest with a G 1 DNA content (Fig. 1C) , very similar to the arrest seen in wild type cells following nitrogen starvation (WEISMAN and CHODER 2001) .
We also found that the nitrogen-starved -like phenotype of Tor2 depleted cells and the arrest in G 1 is very similar to the phenotype of cells depleted of Rhb1 (MACH et al. 2000) . Cells depleted for Rhb1, are characterized by small cell size morphology, G 1 arrest and induction of the nitrogen-starvation specific gene, fnx1 + (MACH et al. 2000) .
Northern blot analysis of total RNA from cells that were repressed for tor2 + revealed that fnx1 + mRNA was also increased when tor2 + was repressed ( Fig. 1D ). Peak levels were seen 8 h after tor2 + was repressed, at the time just before cell growth was dramatically reduced.
Another hallmark of the response to nitrogen starvation is initiation of sexual development, which is completely repressed in rich medium (WEISMAN 2004 (MATSUMOTO et al. 2002) . The similarity between tor2 and rhb1 mutants and the opposite effects of tor2 and tsc1/2 mutants on leucine auxotrophs suggest that they work on the same signaling pathway, and that like in higher eukaryotes rhb1 + positively regulate tor2 + . This possibility is schematically presented in Fig. 5C and is further discussed below.
tor1 and tor2 null mutants exhibit opposite phenotypes with respect to response to nitrogen availability.
Under nitrogen starvation, tor1 mutants show an abnormal phenotype as cells remain elongated and do not accelerate entrance into mitosis, do not arrest in G 1 and are completely sterile (WEISMAN and CHODER 2001) . In contrast, cells depleted for Tor2 are small, arrested in G 1 and readily enter sexual development in the presence of rich medium. Thus, while Tor2 depleted cells appear as "always starved for nitrogen", cells disrupted for tor1 + appear as "never starved for nitrogen" (Fig. 2A) . The opposite effects of two closely related homologues are clearly unexpected. An intriguing possibility is that the two homologues are connected to each other through a negative feed back loop.
In such scenario, absence of Tor1 may lead to overactivation of Tor2 and thus results in a phenotype of "never starved for nitrogen". Yet, this hypothesis is highly speculative at present and awaits further experimental data.
To examine the genetic relationship between tor1 + and tor2 + , we constructed a double mutant strain ∆tor1 ∆tor2 expressing the conditional nmt1-tor2 + allele. When shifted to repressing conditions, ∆tor1 ∆tor2 cells divided three to four divisions before growth arrest. The double mutant cells did not reach the small cell size observed in repressed single tor2 mutants, although some cell size reduction occurred (Fig. 2B ).
FACS analysis revealed that tor1 tor2 double mutants arrested at G 2 with only a small fraction of cells at G 1 (Fig. 2C) . Thus, the terminal phenotype of ∆tor1 ∆tor2 is intermediate compared with each of the single mutants. One possibility is that the tor2 mutation is epistatic to tor1, but since the initial cell length of ∆tor1 cells is slightly longer than wild type, the ∆tor1 ∆tor2 cells reach a longer terminal size. Alternatively, Tor1 and Tor2 may regulate cell size and cell cycle progression independently.
We also examined the ability of ∆tor1 ∆tor2 nmt1-tor2 + cells to enter the sexual development pathway upon depletion of Tor2. Upon shut-off of tor2 + expression, we found no mating activity either in rich or minimal medium. Thus, Tor1 acts in regulating sexual development either downstream of Tor2 or independently.
Taken together, our analysis of the ∆tor1 ∆tor2 double mutant reveals complex interactions, which may only partially support the suggestion that tor1 + loss of function leads to overactivation of Tor2. It suggests that Tor1 exerts at least some of its functions independently of Tor2.
Tor1 and the Tsc1-Tsc2 complex regulate leucine uptake and transcription of amino acid permeases by two separate mechanisms.
It has previously been shown that Tsc1/2 and Tor1 are both required for efficient amino acid uptake and expression of three different amino acid permeases: isp5 + , 7G5.06 and c869.10 ( VAN SLEGTENHORST et al. 2004; WEISMAN et al. 2004) . To explore the genetic relationships between tor1 + and tsc1/2 + we determined the expression of these permeases in the double mutants tor1 tsc1 and tor1 tsc2. Since transcription of isp5 + is almost undetectable by Northern blotting in the presence of ammonia, we compared isp5 + transcription 15 minutes after a shift to proline-based medium. As expected, expression of isp5 + is reduced in the single tsc2 or tor1 mutants. Further reduction is detected in the double mutant (Fig. 3A) , suggesting that Tor1 and Tsc2 regulate isp5 + transcription by parallel mechanisms. Similar results were found for ∆tsc1 and ∆tor1 ∆tsc1, respectively (data not shown). Using semi-quantitative RT-PCR analysis we also observed an additive decrease in the expression of the 7G5.06 permease in the double mutant tor1 tsc2 compared to the single mutants (Fig. 3A) . Finally, we directly measured the uptake of radioactive leucine. Fig. 3B shows that leucine uptake is reduced in the double mutants, compared to single mutants, in accord with the additive effects on transcription of amino acid permeases.
Either Tor1 or Tsc1-Tsc2 is required for growth when the nitrogen source in the medium is proline.
The defect in leucine uptake in ∆tor1 cells or rapamycin -treated cells can be suppressed by replacing the rich nitrogen source in the medium (ammonia) by a poorer source, such as proline ). This suppression likely involves transcriptional induction of amino acid permeases in the presence of a poor nitrogen source such as proline . Proline also suppresses the amino acid uptake defect of tsc1 or tsc2 mutants, enabling auxotrophic tsc1 tsc2 mutants to grow on proline, but not ammonia plates that are normally supplemented with the required amino acids (Fig. 4A) . However, unexpectedly, the growth of prototrophic tsc1 or tsc2 mutants was highly sensitive to rapamycin on proline plates, but not on ammonia plates (Fig. 4B) .
Rapamycin inhibited the growth of tsc1/2 mutants on proline plates, but not when the nitrogen source in the medium was glutamic acid, a different amino acid that is more easily metaboilized by yeasts (Fig. 4B) . Thus, sensitivity of tsc1/2 to rapamycin is specific to a poor nitrogen source, and may represent inability to metabolize proline, rather then inability to uptake amino acids.
tsc2 mutants that also carried a mutation in the S. pombe FKBP12 gene, fkh1 + ,
were completely resistant to growth inhibition by rapamycin on proline (Fig. 4B) . Similar results were seen for the tsc1 fkh1 double mutant (data not shown). The FKBP12-dependent rapamycin sensitivity of tsc1/2 suggests inhibition of a TOR dependent function. We next examined the possibility that rapamycin may inhibit a Tor1-dependent function, by examining the ability of tor1 tsc1 or tor1 tsc2 mutants to grow on proline. As seen in Fig. 4C the double mutants tor1 tsc1 or tor1 tsc2 failed to grow on proline plates, suggesting that Tsc1/2 and Tor1 act separately to regulate growth in the presence of a poor nitrogen source and that this function of Tor1 is sensitive to rapamycin.
The small cell size phenotype of tsc1 or tsc2 cells is reversed by tor1 disruption
While both Tor1 and Tsc1/2 positively regulate amino acid uptake, cell size appears to be oppositely regulated by Tor1 and Tsc1/2. ∆tor1 cells are elongated (MATSUO et al. 2003; WEISMAN and CHODER 2001) ; in contrast, we noted that single tsc1 or tsc2 mutants are slightly smaller than isogenic wild type cells (Fig. 4D ). We examined cell length of the double mutants tor1 tsc1 or tor1 tsc2 and found that the tor1 mutation reverses the short cell size phenotype of tsc1/2 mutants (Fig. 4D , data is shown for the tsc2 mutation only). Thus, with respect to cell size, Tor1 may act downstream or independently of Tsc1/2.
When cells are shifted to less favorable growth conditions, such as poor nitrogen sources, mitosis is advanced and cells divide at a smaller size (FANTES and NURSE 1977; YOUNG and FANTES 1987) . Shift of tsc2 mutants from ammonia to proline medium (nutritional downshift) resulted in further cell size shortening and in the appearance of a small G 1 peak (Fig. 4E ). This G 1 peak likely reflects the small cell size of the tsc1/2 mutants and thus the activation of a cell-size G 1 /S checkpoint. Shift to proline in the presence of rapamycin resulted in further shortening of cell size and accumulation of even more cells at the G 1 phase (Fig. 4E) . Similar data were observed for tsc1 mutants (data not shown). These findings indicate that tsc1/2 mutants still respond to shift to proline by cell-size shortening and that loss of function of tsc1/2 is additive to the effect of rapamycin. The target of rapamycin that causes this cell size shortening is yet unclear.
Since loss of function of Tor2, but not Tor1, leads to short cell size, it is possible that Tor2 inactivation leads to rapamycin-induced cell-size shortening. Growth arrest of tsc2 mutants in proline medium occurs irrespective of their terminal cell size, since tsc1/2 mutants die as small cells on proline in the presence of rapamycin, but as elongated cells when combined with the tor1 mutation.
Rapamycin treatment, like loss of function of tsc1 or tsc2, confers thialysine and canavanine resistance.
One of the more detailed analyzed characteristics of tsc mutants is their inefficient amino acid uptake, which lead to canavanine resistance (NAKASE et al. 2006; VAN SLEGTENHORST et al. 2004) . Since rapamycin treatment of wild type cells leads to inefficient leucine uptake , we examined their sensitivity in the presence of rapamycin to canavanine and thialysine, the later a toxic analogue of lysine.
We found that treatment with rapamycin results in resistance to these drugs, similar to the phenotype caused by deletion of tsc1/2 (Fig. 5A) . The rapamycin-induced resistance to canavanine or thialysine is abolished in cells carrying disruption of the FKBP12 gene ( Fig. 5A and data not shown), suggesting that rapamycin acts via inhibition of a TORdependent function. Either the FRB of Tor1 or Tor2 can bind the FKBP12-rapamycin complex, as we have shown by two hybrid assays (WEISMAN 2004) . However, as overexpression of Tor2 leads to canavanine resistance (Fig. 1E) , it is unlikely that the effect of rapamycin is due to direct inhibition of Tor2. A plausible mechanism to explain this effect of rapamycin would be the inhibition of a Tor1-dependent function. However, we found that tor1 mutants do not show resistance to canavanine and are slightly more sensitive to thialysine compared to wild type cells (Fig. 5B) . Using higher concentrations of canavanine or different incubation time we also observed that tor1 mutants are more sensitive to canavanine compared to wild type cells (data not shown). This may be indicative of an increase in uptake of the toxic analogues in tor1 mutants that differs from the previously described uptake of leucine, histidine or uracil. Since tor1 mutants are highly sensitive to two different toxic amino acid analogues, we prefer an alternative explanation in which the sensitivity of tor1 mutants to canavanine or thialysine reflects translational or protein folding defects.
At present the target of rapamycin in inducing canavanine or thialysine resistance is unclear. The possibility that rapamycin completely inhibits Tor1 activity is unlikely, since ∆tor1 mutant do not show canavanine or thialysine resistance. Yet, it is possible that rapamycin inhibits certain Tor1-dependent activities, leading to reduced amino acid uptake. As noted above, Tor1 may negatively regulate Tor2, via a negative feedback loop, and thus its inhibition by rapamycin may remove the negative feedback loop, leading to overactivation of Tor2, and thus, decrease in amino acid uptake (Fig. 5C ).
Discussion
Disruption of TOR activity in budding yeast, nematodes, Drosophila, mice and human cells leads to features that are characteristic of starved cells. These starvation-like phenotypes have suggested that TOR plays a conserved role in regulating cell growth in response to nutrient availability. So far, studies of TOR signaling in S. pombe did not fit into such a model since the only characterized TOR homologue in fission yeast, Tor1, is mainly required for starvation and stress responses and its absence results in inability to respond to starvation, rather then exhibiting a starvation-like phenotype. In contrast with
Tor1 loss of function, we show here that disruption of tor2 + results in a phenotype that highly resembles nitrogen starvation. Cells depleted for Tor2 arrest their growth at the G 1 phase of the cell cycle as small and rounded cells, induce expression of nitrogenstarvation specific genes and are de-repressed for sexual development. Most importantly, this phenotype highly resembles that of disruption of rhb1 + , suggesting that the link between Rheb and TOR signaling is conserved in evolution from S. pombe to human.
Previously, a physical interaction has been described between Tor2 and hyperactivated Rhb1 in fission yeast (URANO et al. 2005 The "always starved for nitrogen" phenotype of tor2 mutants is in a striking contrast to the "never starved for nitrogen" phenotype of tor1cells ( Fig. 2A) . Since Tor1 and Tor2 appear to regulate similar processes in an opposite fashion, it is tempting to speculate that their functions are interconnected. One possibility is that Tor1 negatively inhibits Tor2, thus in the absence of Tor1, Tor2 may become hyperactivated, signaling availability of nitrogen even in the absence of a nitrogen source. Yet other inhibitory links between the two TOR dependent pathways may explain these opposite effects. Tor1 is involved in additional, Tor2-independent processes. For example, stress response and acquisition of long term viability in stationary phase are two functions regulated by Tor1, but not Tor2 (Fig. 5C ).
While Tor2 is likely to be positively regulated by Rhb1, Tor1 appears to act in parallel with Tsc1/2 with respect to amino acid uptake, regulation of amino acid permeases and in regulating growth when proline is used as the nitrogen source. VAN SLEGTENHORST et al. 2004; WEISMAN et al. 1997; WEISMAN et al. 2004) and this study (TA313 and TA426, respectively) were grown to mid-log phase and thiamine was added. and ∆tor1 ∆tsc2 (TA459) cells were grown to mid log phase in EMM medium.
Incorporation of L-3 H-leucine was measured after 6 minutes using the protocol detailed in Material and Methods. 
